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Scientific Progress

This program year, the experimental component of our program completed two central experiments that complete the plan of 
work, initiated a new set of experiments that will be continued in a follow-on program, and initiated collaboration with two groups 
(Dlott - UIUC, and Zachariah - UMD) that perform advanced characterizations on reactive materials. This work is summarized 
below.

1. In situ Surface analysis
The NCSU group completed a sophisticated set of in situ xray photoelectron spectroscopy measurements where individual 
monolayers of metal were deposited on CuO surfaces with spectroscopic investigations of the surface, and the CuO metal 
interface on a layer-by-layer basis. These measurements were conducted for the Al-CuO and the Zr-CuO systems. We 
attempted to identify the intrinsic limits of interface formation that occur for these reactive systems.

For the Al-CuO case, we found that under very low energy conditions (materials prepared  with ~kT energies, about 2 nm of 
Al2O3 forms at the Al-CuO interface, while for the Zr-CuO case, approximately 3 nm forms. What was most interesting to note 
is that small amounts of oxygen are scavenged from CuO in both cases, and that the amount scavenged depends strongly on 
time until full coverage of the CuO surface is complete. We believe that two pathways are possible for oxygen when the metal 
layer has yet to coalesce: 1) directly perpendicular to the metal/CuO interface, and 2) along the open CuO surface laterally to a 
metal hillock. This result is important because it indicates that the morphology of CuO surface, the deposition rate, and the 
wetting between CuO and metals will be very influential to determine how thin (and thus how much stored energy) and abrupt 
metal oxide / metal interfaces can be prepared and how reactive they can be.

2. Understanding mechanisms of thermite reaction
During the entire program, the NCSU team has been using calorimetry to determine the temperatures at which thermite 
nanolaminates reach the unstable exothermic condition as a function of layer thickness, substrate thermal mass, total layers 
present, diffusion coefficients, etc... To date, there has been debate regarding the mechanisms that occur at the very early 
stages, and which phases may be present and participating.

Most recently, the NCSU team identified a trend where the first exotherm appears to be associated with the eutectic 
temperature of an intermetallic composition between the reactive metal and copper metal, if that eutectic occurs below the 
temperature at which the nanolaminates would otherwise react by solid state means. In the Mg-CuO and Al-CuO systems, the 
first exotherms occur at temperatures corresponding to the lowest temperature eutectics in the Al-Cu and the Mg-Cu systems. 
This is important for two reasons: 1) it appears to explain the abrupt transitions observed in effective activation energy for 
laminates prepared with variable interface densities, and 2) it provides a completely new approach for engineering reactivity 
based on the phase equilibrium in intermetallic systems. We hypothesize at this point that with increasing interface density, 
there is an increase in the relative volume of eutectic liquid. When the volume reaches a critical value, the kinetics associated 
with a liquid phase take over, and an apparently lower effective activation energy are observed. Additional work pursuing this 
hypothesis are ongoing.

A summary of the modeling approach developed to simulate and understand DSC curves for reactive laminates is appended to 
this document. Appending as a PDF is necessary due to the substantial amount of equations.

Technology Transfer

none to report
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ABSTRACT 
A combination of modeling and experimental synthesis were conducted top test our 
central program hypothesis: a mechanistic understanding of oxygen exchange at the 
nanoscale enables the rational design of metal / metal-oxide composites with tunable and 
predictable performance at the meso- and macro- scales. The outcomes will help enable a 
new class of energetic structures: (1) with theoretical energy densities significantly higher 
than conventional munitions (~3X RDX); (2) that can be less susceptible to accidental 
initiation via shock loading than conventional munitions; and (3) that present an 
opportunity for tunable ignition.  Prototypical nano-laminates with nm-scale control were 
be fabricated using physical vapor deposition. Laminate components were selected using 
a new set of criteria based on the crystallochemical properties of the terminal as opposed 
to initial phases. This novel perspective enbled new material combinations and enhanced 
ability to regulate the energy release rates. In the companion theory and modeling studies, 
the Dynamics of Joule heating, reaction initiation, and self-sustaining reaction 
propagation were studies in a thermodynamic model that successfully predicts/simulates 
the calorimetric response of a virtual exothermic laminate reaction. In so doing, the 
models help to understand the mechanisms of transport during oxygen exchange. 

Background: Nanocomposites that store energy via chemical segregation are of military 
importance as both energetic structural materials and as smart initiators. Their utility 
stems from exceptionally high energy densities, and ignition strategies with potentially 
tunable intensity. Harnessing these capabilities requires a fundamental understanding of 
the structure-property relationships that regulate mass transport during the spontaneous 
chemical reactions. 
Our program focused on composites that release energy by oxygen exchange from a 
cation of higher electronegativity to a cation of lower electronegativity. Free energy 
minimization dictates the amount of energy released; however, the power output depends 
upon the kinetics of oxygen diffusion, thus the structural, thermal, and mechanical 
properties of the constituent phases. As such, our program will identify the material 
properties and engineering parameters that regulate transport and consequently identify 
options for tunable power release. This is a new approach that focuses on the properties 
of the terminal phases since these control mass transport during the majority of the 
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conversion reaction. We expect to identify alternative material combinations with 
enhanced capabilities using this novel approach. 
This report is organized into 5 overarching experiments, each of which explores one or 
more aspects of the guiding hypotheses. The data given below summarize the most 
important finding in each category. The individual summaries are each an amalgam of 
multiple semesters of laboratory research. The experiments include: 
 

1. Instrumentation upfit for multilayer fabrication 
2. Validate high quality nanolaminate structure deposition 
3. Demonstrate "slow" and "fast" nanolaminate design via crystal chemistry approach 
4. Demonstrate the impact of layer thickness on laminate reaction initiation 
5. XPS investigation of as-prepared interface reactions 
6. Kissinger analysis of "slow" and "fast" oxygen exchange reactions 
7. Computational approaches 

 

EXPERIMENT 1: INSTRUMENTATION UPFIT 
To ensure facile preparation of reactive nanolaminates, the NCSU team took an existing 
PVD system previously used to prepare ultrathin dielectric multilayers and converted it 
for reactive nanolaminate deposition. To do so, the system was cleaned internally, leak 
checked, and a second 2" diameter magnetron source was added. In addition, a shuttering 
mechanism to minimize cross-talk between the sources was engineered and installed. 
Figure 1 shows a schematic of the dual-magnetron PVD system. Two sources (nominally 
and oxygen source and an oxygen sink) are opposed at 180° incidence, each facing a 

rotatable substrate manipulator, and each isolatable from its neighbor by a rotating 
shutter. Initial experiments with the instrument involved rate and uniformity calibrations, 
as well as assessments of purity of as deposited metal layers. To assess contamination, 
reactive metal films like Ti, Zr, and Al, were deposited in pure Ar. Their resistivity 
values were measured and compared to bulk data. If resistivities were 2X to 3X greater 
than the single crystal values, the system was considered clean. In all cases these criteria 
were satisfied. 

Fi g ur e 1:  Sche mat ic  of  NCSU dua l- ma gne tr on s p utt eri ng  sys te m opt i mize d  for  na ola mina te  de p osi ti on 
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EXPERIMENT 2: VALIDATE HIGH QUALITY NANOLAMINATE STRUCTURE PREPARATION 
The next step in our process was to demonstrate a generic ability to prepare multilayer 
stacks of oxygen source and oxygen sink material with practically abrupt interfaces and 
excellent control of morphology and layer uniformity. To do so, our first system was 
CuO and Cr. This system was chosen given previous group experience with Cr metal 
deposition and because CuO was identified as the ideal oxygen source candidate material. 
Figure 2 shows a TEM cross section of a 19 layer stoichiometric stack. Stoichiometric 
refers to a thickness ratio that provides sufficient moles of O in CuO to fully oxidize all 
of the initial Cr layers to Cr2O3. The uniformity in thickness and microstructure from 
bottom to top is evident from this cross section. 

The TEM analysis of Figure 2 shows microscopic uniformity, but little information about 
the metal|oxide as-deposited interface. Figure 3 shows a much higher magnification 
image a single interface near the sample center. The polycrystalline and fine-grained 
nature of this sample makes atomic resolution extremely challenging, however, from this 
image it is clear that the interface layers present (there has to be a finite layer where Cr is 
bonded to oxygen) is one the order of or less than 1 nm. As such, we can be confident 
that artifacts from as-depostied oxidation will not impart a predominant influence on 
energy release during oxygen exchange. 

Fi g ur e 2:  T EM cros s s ec ti on of  CuO-Cr na nola mina te  mult il aye r p re pa re d i n  the  NCSU dua l -ma gne tr on s yst em.  Note  the  
unifor mit y  in  l aye r t hi cknes s a nd  morp holog y in  t he 19 la yer  st ac k.  In  th i s c as e t he Cr l a yers  ar e 100 nm t hi ck  a nd  t he 

CuO la yer s a re  230 nm t hick .  
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The next step in our validation process was to determine if and when the oxygen 
exchange reaction could be initiated, how long it takes, and what are the terminal phase 

after reaction. To do so, a hot stage x-ray 
diffraction experiment was conducted for 
this CuO-Cr laminate. The data for this 
experiment, shown as a cascade of θ-2θ 
plots is shown in Figure 5.  

The data in Figure 5 show several 
important trends: 1) the initial oxygen 
exchange reaction occurs at temperatures 
around 640 °C; 2) the consumption of Cr is 
accompanied directly by the emergence of 
a strong Cu reflection; 3) the conversion 
occurs over ~ 10 °C window, and 4) during 
the conversion, a small peak corresponding 
to Cu2O appears and is consumed. 
Collectively, these observations validate 
our ability to create as deposited 
nanolaminates that store chemical energy 

associated with oxygen exchange, which can be liberated by the addition of heat, which 
in principle provides the kinetic activity for oxygen exchange across the metal|oxide 
metastable interface. 

EXPERIMENT 3: DEMONSTRATE "SLOW" AND "FAST" NANOLAMINATES 
A central tenet of our activity was to explore the concept that the individual physical 
properties of the initial and terminal phases of a thermite-type reaction influence oxygen 
exchange more substantially than the free energies of oxidation associated with the 
conversion of initial to terminal oxide. We proposes an analogy to corrosion where the 
molar volume change that accompanies oxidation, the % covalency of the terminal oxide, 

Fi g ur e 4:  Hi gh ma g nif i ca ti on TEM i ma ge  of  a s-d ep osi te d  Cr|CuO i nt er fac e s how i ng t hat  i f  p res ent ,  a s -d ep osi te d  rea ct ion  
la yer s a re  le ss  tha n 1  nm. 

Fi g ur e 5:  Sche mat ic  of  NCSU dua l -ma gne tr on s p utt eri ng  
s ys t em op ti miz ed  for  na ola mi na t e dep os it ion  
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and the capacity of the terminal oxide to conduct oxygen determine exchange reaction 
rates. We believe that this set of material parameters is far more influential than 
thermodynamic minimization energies in determining kinetics and thus the rate of 
ignition. This hypothesis was tested using a set of experiments where one predicts and 
tests "fast" and "slow" nanolaminates whose material characteristics either promote or 
retard oxygen exchange. 
Our initial experiment compared the properties of Cr|CuO and Zr|CuO laminates. To do 
so, stoichiometric laminates were prepared from each case with 19 layers. To the extent 
possible the laminates were of comparable total thickness. The thickness values could not 
be identical given the differences in density of Cr and Zr. To evaluate preliminarily the 
initial speed of reaction, the as-deposited laminates were inserted directly into a 800 °C 
tube furnace. The samples were imaged using either TEM or SEM both before and after 
heating. The results of each are shown in Figures 6 and 7. 

The TEM images of Figure 6 show a surprising result where the layering structure of Cu 
and Cr2O3 terminal phases are retained. This suggests a "gentle" oxygen exchange 
process where the overall laminate morphology was not lost. We speculate that this 
morphology can only occur when the oxygen exchange, and thus energy release, is slow. 
We expect this from Cr considering that oxygen diffusion through Cr2O3 is known to be 
very slow – consider that Cr is an important component of stainless steel where a Cr-rich 
surface oxide helps to prevent iron oxidation. 

Alternatively, Figure 7 shows comparative images for the Zr|CuO laminate structure. The 
TEM image on the left shows uniform layering with sharp interfaces, while the SEM 
image on the right, taken after heating, shows a discontinuous microstructure with 
substantial substrate dewetting, with features that are reminiscent of rapid solidification. 
Such a surface microstructure is consistent with extremely high temperatures, which can 
only occur when stored chemical energy is released in a short time. Such temperatures 
would require rapid oxygen exchange. We expect this from A Zr-based laminate 
considering that oxygen diffusion through ZrO2, the terminal oxide is one of the highest 

Fi g ur e 6:  TEM a na lys is  of  a Cr |CuO nanol ami nat e s tr uctur e b efore  ( l e ft )  a nd a ft er  ( r ig ht )  i ns er ti on int o an  800 °C  furna ce 
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values know for all oxides, and attributed to the cage-like unit cell of ZrO2 with an open 
body center, and a propensity to accommodate oxygen deficiency. 

To explore this concept in a less qualitative manner, a set of three laminates were selected 
based on the crystal-chemical aspects/properties of the terminal oxides. The selection of 
three enabled two direct property comparisons that would test the NCSU "corrosion" 
hypothesis. The three material comparison involved the following pairs: 

§ Al-CuO and Zr-CuO: Zr and Al represent extremes of oxygen conductivity. Al2O3 
has a close packed anion sublattice thus no opportunities for anion conduction, while 
ZrO2 features the fluorite structure that supports fast ion conduction. 

§ Mg-CuO and Al-CuO: Mg and Al are comparable with respect to their oxygen 
diffusion characteristics and their free energies of oxidation. However, while Mg and 
Al expand upon oxidation (+106% and +44% respectively), the expansion of MgO is 
substantially larger, which in principle leads to mechanical instabilities that promote 
mass transport. 

The material properties of all three and a schematic of the samples prepared are compared 
in Figures 8 and 9 respectively. On a per mol oxygen basis, the oxidation of all three 
metals are comparable and at the upper end of oxidation energetics of all known metals. 
Consequently one expects a comparable driving force for scavenging oxygen with all 
three choices. When the diffusivity values are compared, the contrast is evident. At 500 
°C, the speed at which oxygen can diffuse through the zirconia lattice is 15 to 20 orders 
of magnitude higher than for MgO and Al2O3 respectively. As mentioned above, the 
oxides of Mg and Al have comparable oxygen diffusion rates but their volume change 
upon oxidation are substantially different. The large expansion of MgO will likely cause 
instabilities that promote mass transport. 

To experimentally test these hypotheses, nanolaminate stacks of each were prepared and 
heat treated. In this experiment, however, the samples were subjected to furnace anneals 
in argon (to avoid the influence of atmospheric oxygen) where the samples were again 
inserted to a pre-heated hot zone for 5 minutes and extracted. Sets of samples were heat 
treated over a ladder of temperatures from 300 °C to 800 °C in 100 °C increments.   

Fi g ur e 7:  ( le ft)  T EM ana lys is  of  a  Zr |CuO nanola mi na te  st ruct ure b ef ore a nd  (r i ght )  S EM ana lys is  of  t he Zr |CuO sur fac e 
a fte r  i ns er ti on into  an  800 °C  furna ce  
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Figure 8:  Property  comparison of  di f fusiv i ty  and oxidat ion energy for  the oxides  of  Al ,  Mg,  and Zr  

	  

 
 

Figure 9:  Schematic  i l lustrat ion of  the three sample types  tested in  this  comparison,  and their  proposed designation 

	  

 
 

Figure 10:  X-ray  di f f ract ion analysis  for  Al ,  Mg,  and Zr -based nanolaminates  as  a  funct ion of  thermal  anneal ing in  Ar 	    
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A summary of the x-ray data is shown in Figure 10. The left, middle, and right panels 
correspond to Al, Zr, and Mg-based multilayers respectively. Each graph includes x-ray 
spectra for each heat treatment temperature. The x-ray data was used to assess the 
temperature onset for reaction by noting the temperature at which the first sign of 
metallic copper was visible. Since a terminal product of the thermite reaction is Cu metal, 
it stands to reason that it's presence is a reasonable and self-consistent indicator that the 
oxygen exchange reaction is taking place. In each panel of Figure 10 the x-ray scans are 
color coded black and red, red meaning temperatures where Cu was detected. The onset 
temperature oxygen exchange reactions that produce Cu metal are 800 °C, 500 °C, and 
300 °C for Al, Mg, and Zr respectively. This trend is consistent with our expectations 
regarding available mechanisms of mass transport, and it is reasonable to conclude that 
the terminal oxide properties are rather influential with respect to oxygen exchange. 

As a final check, a 3 bilayer multilayer stack from each material system was evaluated 
upon heating in a differential scanning calorimeter (DSC). While quantification of 
calorimeter data is non-trivial, one can assess readily the onset of exothermic reactions. 
DSC traces for each system are shown in Figure 11.  

We note in particular the temperature maxima of the first exotherm in each case: 350 °C, 
530 °C, and 800 °C for Zr, Mg, and Al respectively. These data are again consistent with 
expectations from transport. It is important to note that these temperatures are nearly 
identical to those observed in x-ray diffraction for the onset of reaction. This is 
interesting because the heating rates in the furnace anneals and in the calorimeter are 
extremely different. For the case of Al, the sample was ramped for 160 minutes before 
reaching 800, while that same temperature is achieved in less than one minute when a 
sample is inserted into a pre-heated furnace. At this stage, the interpretation of this 
observation is speculative, the suggestion is that mass transport (within the rates explored 

Fi g ur e 11: D if fe rent ia l sca nning  ca lori met ry  t rac es  for  Z r,  Mg , and  Al- b as ed  na nol a mina te s.  Ea ch  l ami nat e ha s 3 
met a l|ox i de  b il aye rs i n  the  as -p rep a red  s ta t e.  T he he at ing  ra t e w as  5  °C/ minute  
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to date) is the limiting factor to reactions. That is to say, no matter how fast heat is added 
to the sample, cation or anion migration rates across the developing interfaces determine 
the temperature onset and extent of oxygen exchange. 

EXPERIMENT 4: LAYER THICKNESS DEPENDENT OXYGEN EXCHANG REACTIONS 
While our experiments to this point focused on the role of material properties in 
regulating oxygen exchange, it is clear that thermite-type reactions must also depend on 
physical boundary conditions. This dependence originates from the fact that self-
sustaining reactions will always be governed by internal temperature, which is 
established ultimately by the relative rates of heat produced internally, and the rates at 
which heat is communicated to the surroundings. 

To explore these dependencies, a series of experiments were conducted that changed the 
relative density of metal|metal-oxide interfaces in a film of constant volume. The 
illustration in Figure 12 shows the limiting cases of these sample geometries. Note in the 
figure that the total film thickness and thus the total volume of metal and metal oxide are 
constant. The only change is the density of interfaces.  

A series of films with a total thickness on the order of one micron were prepared in the 
Zr|CuO and Al|CuO system. The number of bilayers was varied from 1 to 9 in the Zr 
system and from 1 to 13 in the Al system. If additional interfaces were added in either 
case, the layers became unstable, i.e., the samples would spontaneously react when 
removed from the chamber, or sometimes during preparation.  

The films were evaluated for onset of oxygen exchange reactions as in the previous 
experiment, i.e., each multilayer was heated for two minutes to a series of temperatures 
from 100 °C to 800 °C (the total range depended on the number of layers and the 
temperature of initial reaction). And an x-ray pattern was collected for each one. Again, 
thepresence of Cu metal in the post-annealed state was used to verify that the reaction 
started. Figure 13 shows the result for the Zr and Al-based systems at the maximum and 
minimum values for bilayer density. The x-ray patterns in red correspond to temperatures 
that produced Cu-metal.  

The x-ray data show a clear trend where the apparent onset temperature for oxygen 
exchange reactions was lower for samples with higher interface densities. We explain this 
trend as follows: At the initial stages of reaction, all interfaces are indistinguishable, no 

Fi g ur e 12: S chema t ic  il lus tr at ion  of  mul ti la yer  f il ms us ed  for  exp eri ment s t o  d et ermi ne t he i mpa ct  of  i nt er fac e d ens it y 
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matter their density, and all have the same potential to produce heat. The furnace is the 
initial source of energy in all cases, and at some threshold temperature, there is sufficient 
heat to promote oxygen exchange across all interfaces. For a sample with one buried 
interface, the amount of area supporting the exothermic reaction is "A" for a sample with 
nine buried interfaces, the exothermic area is "9A". As such, with more buried interfaces, 
the energy density is much higher, so the internal sample temperature will be hotter for 
more interfaces given the same amount of heat from the environment. From these 
experiments, we conclude that the oxygen exchange reactions can be heavily influenced 
by geometry. 

EXPERIMENT 5: KISSINGER ANALLYSIS OF AL|CUO AND ZR|CUO 
To explore the geometric dependence further, the NCSU team performed a full Kissinger 
analysis where one collects calorimetric data as a function of heating rate to identify the 
functional relationship between an exothermic event and heating rate. In so doing, one 
can quantify activation energies (or at least effective activation energies) for these 
laminate systems. This analysis was conducted for the Al|CuO and Zr|CuO systems for 
each of the bilayer thicknesses explored in experiment 5: one through seven bilayers for 
Al|CuO and one through five bilayers for Zr|CuO. The raw DSC data showing 
exothermic events are shown in Figures 13 and 14. 
In Figure 13, data for the Al|CuO system at a heating rate of 25 K/min, one finds a clear 
trend of decreasing temperature for the peak of the primary exotherm as the number of 
bilayers increases. This is consistent with the x-ray results of Figure 12 which showed the 
Cu-metal-producing reaction happening at lower temperatures for increasing bilayers, 
and is again consistent with the idea that these interface-dense samples produce heat at a 
faster rate. It is interesting to note that the general shapes of these curves changes at the 
4-bilayer sample (this is true for all heating rates). While we do not, at this point, 
understand mechanistically what is happening, it is clear that for samples with a critical 
number of interfaces, there is a different mechanism occurring. Not only is there a 
discrete jump in temperature of the exotherm maximum, but the shape of the exotherm is 
distinctly different. The origin of this difference remains under investigation, but we 
speculate the participation of a liquid phase. 
 

Fi g ur e 12:  X -ra y  d if f r act i n pa tt er ns for  Al|CuO a nd Z r|CuO mul ti la yer s hea t ed  over a t emp er at ure la dd e r w here  the 
numb er of  i nte rna l i nt er fac es  wa s  var ied  w hil e ma i nt a ining  a  const a nt  s amp l e t hi cknes s.  
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Fi g ur e 13:  DS C curves  for  25K /min hea t ing  ra te s for  Al|CuO mult il a yers  w it h  vari a bl e i nte rfa ce d e ns it y .  A l l  s a mpl es  have  
id e nti cal  t ota l t h icknes s .  T he b lue  dot s  ind ica t e t he t emp era t ure for  the pe ak  of  t he p ri mar y  exot he rm. 

Fi g ur e 14: DS C curves  for  25K /min hea t ing  ra te s for  Zr| CuO mul t il ayer s w i th  va ria b le  int erf ace  d ensi t y.  All  s amp le s h a ve 
id e nti cal  t ota l t h icknes s .  T he re d  dot s ind ica t e t he  te mp era t ur e for  the p e ak  of  t he p ri mar y  exothe rm.  
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In Figure 14, data for the Zr|CuO system at a heating rate of 25 K/min, one again finds a 
clear trend of decreasing temperature for the peak of the primary exotherm as the number 
of bilayers increases. The trend, however, is distinctly different for the Zr-based system, 
there is no discrete jump in the peak exothermic event. 

The entire data set for all heating rates (the slowest at 5K/min, the fastest at 25K/min) can 
be combined to complete the Kissinger analysis, which are plotted in Figure 15. 

From the slopes of each curve one can extract an effective activation energy for the 
oxygen exchange process. In the Al-based system, the discrete jump in activation 
energies and the change in DSC shape corresponds to a substantial change in the effective 
activation energy. At this stage, the mechanisms for each are not clear, and remain under 
investigation. For the Zr-based system, a uniform activation energy is found for all layer 
thicknesses. While there appears to be substantially more scatter in the Zr-data, note that 
the magnitudes of the energies are substantially smaller.  
While we cannot yet relate these activation energies to specific mechanisms of transport, 
Kissenger analysis remains a powerful method to compare the behavior of individual 
systems. Future comparisons with modeling efforts will help to make these connections. 

EXPERIMENT 6: XPS ANALYSIS OF AS-DEPOSITED MATERIALS 
To date, all of our experiments are conducted under the assumption that interfaces in the 
as-deposited state are abrupt and clean. In reality, we know that a finite quantity of 
unintentional oxide (of the reactive metal) must be present. In the extreme thin limit, the 
reactive metal is in contact with CuO, so there must be at least one metal-oxygen bond 
bridging the two materials. To explore these interfaces, we introduce a classic surface 
science approach where we prepare metal-oxide interfaces in ultra-high vacuum 
instruments where we can apply surface sensitive techniques to explore the interfacial 
evolution in situ. The specific instrumentation used is an x-ray photoelectron 
spectrometer that is connected to an e-beam evaporator via an ultra-high vacuum sample 
transfer tube. The vacuum in all chambers is sufficient such that during the entire 

Fi g ur e 15:  Ki ss ig e r a na l ysi s for  the e nti re se t o f  Al |CuO a nd  Z r|CuO mul ti la yers .  Ea ch  d a ta  p oi nt corre sp onds  t o  an  
a vera g e of  mul ti pl e s a mpl es  w it h  a s p eci f ic  numbe r of  b i la yers .  T he he at in g  ra te s e xpl ored  w er e 5 ,  10,  15,  20,  a nd  

25K/mi nut e.  
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experiment, there is no impact/influence from the environment. Figure 16 shows a 
schematic of the UHV instrument that was used. 

 
 

 
 

 
 

 
 

 
 

 
 

 

Two primary experiments were conducted, each following the same process. Initially, A 
CuO film was prepared on a Si substrate. The CuO film was introduced into the UHV 
annealing chamber to thermally desorb any water or organic material. That sample was 
transferred into the XPS chamber and spectroscopic analysis was conducted. After 
analysis, the samle was transferred into the e-beam deposition chamber and a specific 
number of monolayers of reactive metal were deposited. The sample was subsequently 
transferred back the the XPS system, where additional spectra were collected. For the Al 
and Zr systems, each metal thickness corresponds to an individual sample. 

The initial question addressed corresponds to the Cu valence in the as prepared and 
coated scenario. Figure 17 shows a set of XPS spectra for a CuO film in the virgin state, 
and coated with 1 to 12 monolayers of Al metal. The energy range shown here 
corresponds to that containing the Cu photoelectron emission energies. In the as-sputtered 
state, the energies we observe correspond to those associtated with Cu with 2+ valence. 
In addition, we observe the broad CuO shake up lines near 940 eV which are associated 
with the CuO phase. From these data, we can conclude with confidence that our starting 
material is CuO. Note in this experiment, the data shown are for one sample, with spectra 
collected after each of 10 single-monolayer depositions. 
As individual layers of Al are added, we observe peak shifts in the Cu photoelectrons to 
lower energies. These lower energy values correspond to a less-oxidized state, suggesting 
an environment more like Cu2O. This is consistent with the reactive metal scavenging 
partially oxygen from CuO. With additional monolayers, we observe a constant Cu 
energy, but an attenuated peak. This occurs for two reasons: 1) there is more Al on the 

Fi g ur e 16:  Sc he ma ti c  of  UH V a nal ysi s,  p rep a ra ti on,  a nd  dep os it ion  cha mb er us ed  t o  char act er ize  met a l|CuO i nte rfa ces .  
T he numb ere d seq ue nc e d es cri b es  the pr oc es s b y  w hich  t hes e i nte rfac es  ar e cr ea te d a nd  ana lyz ed . 
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film surface that absorbs and scatters the escaping electrons, and the CuO surface is 
becoming increasingly covered with Al. Note that for such low temperature depositions, 
growth occurs by first island formation, then subsequent coalescence. 

The next experiment conducted explored the photoelectron energy ranges for the Al and 
Zr metal photoelectrons for CuO surfaces coated with various thicknesses of metal. Each 
spectrum corresponds to a different sample, i.e., the metal layers were deposited in one 
deposition. This was done to minimize the time between deposition and analysis. This is 
an important distinction because we know that these metal films are discontinuous until 5 
to 10 monolayers are added. In the discontinuous state, lateral surface diffusion between 
the islands occurs over time and will obfuscate the information we seek. Fig. 18 shows 
the data for both metals. 

 

Fi g ur e 17:  XP S ana lys is  for  a  CuO surf ace  coa te d wi th  b et w ee n 1 a nd  10 monol aye rs  of  Al met a l.  The  ener gy r ang e s hown 
corr es pond s to  t hat  conta i ni ng  the Cu p hot oele ct ron  ener gi es . 

Fi gure  18:  XP S ana lys is  for  Al  and  Z r  d ep osi ti ons on a  CuO sur face  col le cte d for  d if fe re nt  d ep osi t ed  th i cknes ses .  Ea ch  f i lm 
t hi cknes s c orres p onds  t o an  i nd i vid ual  s amp l e w here  the  enti re  th i ckness  w as  d ep os it ed  at  once . T wo pe aks  ar e 

h ig hli g hted  i n  ea ch  ca se , t he p ea ks for  the  met al li c  a nd oxi di ze d st at es .  
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In each case, there are two peaks highlighted, the peak associated with either Al or Zr in 
the metallic state, and the peak of either Al or Zr when coordinate (i.e., bonded) to 
oxygen. The same trend is observed for each metal: for low numbers of monolayers, one 
only sees the metal oxide photoelectron line, which means that all of the deposited 
material scavenged oxygen from the CuO substrate. With increasing number of 
monolayers, a shoulder emerges in each, at an energy corresponding to the unoxidized 
metal. This occurs at ~7 and ~10 monolayers of Al and Zr respectively. The 
interpretation being that under these deposition conditions there is a transition layer 
between 2 and 3 nanometers thick for both systems. 
It is interesting to note that the difference between Al and Zr is not particularly large, 
certainly not as large as the differences in oxygen transport properties between the oxide 
interface layers. This result suggests that the mechanisms during deposition, like surface 
mobility and wetting are likely to be substantial factors that influence the interface 
evolution, in addition to the thermodynamic propensity for oxidation. 

EXPERIMENT 7: NUMERICAL CONTINUUM MODELING  
A set of coupled partial different equations and associated numerical solver was 
developed to model nano-laminate reactivity at the continuum level. As detailed below, 
this modeling treats current transport and Joule heating, heat and mass transport, melting 
and chemical dynamics. The two examples described have significantly reduced the 
computational burden by mapping nano-laminate dynamics to two dimensions. Further 
studies will emphasize similar mappings where appropriate, as well as fully three-
dimensional systems where needed.  
Illustrated Figure 19 below are two example sets of numerical simulations, one that treats 
the X-Y cross sections and one that treats X-Z cross sections. The details and general 
results of the two simulations are presented below.  

 

	  

	  

(a)	   (b)	  
Figure 19:  Geometry  of  a  Al -CuO mult iple  layer  nano- laminate  modeled by  continuum dynamics.  (a)  Two separate  two-

dimensional  planes  with  an Al  f i lm in  the f ront  and CuO foi l  in  the back.  The Z  direct ion of  each layer  is  thin  and mapped 
into  a  two-dimensional  model.  (b)  X -Y  cross  sect ion where each mesh gr id  represents  a  mono-layer  of  e i ther  Al  or  CuO.  The 

Y  direct ion is  homogeneous and mapped to  a  two-dimensional  model.  
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SIMULATIONS ON INTERFACE PARALLEL PLANES 

In this scheme, reactive models were restricted to two dimensional Cartesian coordinates. 
Two layers that correspond to metal and copper oxide were included in the system. 
Energy flow across the two layers is described by the heat conduction law 

	   𝑄!,! = 𝜅!,!Δ𝑇	   (1)	  

where 𝑄!,!  is the heat conduction rate, 𝜅!,!  is the interfacial thermal conductance and Δ𝑇 
is the temperature drop between the two layers. Other processes such as Joule heating, 
mass and heat transport (Fourier and Fick laws) chemical reactions and phase 
transformations (melting) are described by in-plane partial differential equations. For 
example, in-plane heat transport is assumed to follow Fourier’s law: 

	   𝜌!𝐶!,!
𝜕𝑇
𝜕𝑡

− ∇ ⋅ 𝜅!∇𝑇 = 𝑄!,! + 𝑄! + 𝑄! + 𝑄!	   (2)	  

where 𝜌! is the mass density, 𝐶!,! is the specific heat capacity per unit mass, 𝜅! is the 
thermal conductivity, and 𝑄! is the heat generation rate from chemical reactions. The 
latter quantity has a positive value for exothermal reactions and a negative value for 
endothermic reactions. 𝑄! represents the heat change rates by phase transition, in our 
case, melting. 𝑄! is the heat generation rate due to joule heating which is described by: 

	   𝑄! = 𝑱𝒆 ⋅ 𝑬 = 𝜎!𝑬 ⋅ 𝑬 = 𝜎! ∇𝜑! !	   (3)	  

where 𝑱!  is the electric current density, 𝑬  is the electric field strength, 𝜎!  is the 
conductivity of the conductor and 𝜑! is the electric field potential. The conductivity is 
taken as a function of spatial coordinates and temperature as  

	   𝜎! =
1
𝜌!
=

1
𝜌!! 1+ 𝛼!! 𝑇 − 𝑇!!

	   (4)	  

where 𝜌! is the electric resistivity of the conductor and 𝜌!! is the resistivity at reference 
temperature 𝑇!!. The parameter 𝛼!! is an empirical parameter fitted from experimental 
data. According to Maxwell’s equation, the electric potential field follows Laplace's 
equation 

	   ∇ −𝜎!∇𝜑! = 0	   (5)	  

Thermite reactions are taken into account in different forms depending on the reaction 
stoichiometry. For example, the cupric thermite reaction with pure aluminum is 

	   𝐴𝑙 + 3 2 𝐶𝑢𝑂 → 1 2𝐴𝑙!𝑂! + 3 2 𝐶𝑢,	  	  Δ𝐺! = 594.7	  kJ/mol	   (6)	  

In our calculation, the extent of reaction is calculated from 𝑓!,!", which describes how 
much volume fraction of Al is been reacted. The heat generation rate from reaction can 
then be computed as  

	   𝑄! = 𝜉 ⋅ Δ𝐺! =
𝜌!,!"𝑓!,!"
𝑀!!

Δ𝐺!	   (7)	  

In addition, the reaction rate of Eq. (1) is assumed to follow an Arrhenius law: 
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	   𝜉 = 𝐴  𝑒!
!!
!" 	   (8)	  

where 𝐸!  and 𝐴  are the activation energy and pre-exponential, respectively. Unless 
known from other sources, these are taken as parametric quantities in our modeling.  

Similar to chemical reactions, melting of a substance 𝛼 is described by 𝑓!,!, the fraction 
of liquid phase to total substance.  In general  

	   𝜌!,𝛼Δ𝐻!,𝛼  𝑓!,𝛼 = 𝑄!,𝛼	   (9)	  

where 𝜌!,! ≡ 𝑓!,!𝜌!,! and Δ𝐻!,! are the effective mass density and the enthalpy change 
of melting of substance 𝛼, respectively.  

Periodic boundary conditions for 𝑦 = 0  and 𝑦 = 𝐿!  were used. Fixed boundary 
conditions for temperature and electric potential at 𝑥 = 0 and 𝑥 = 𝐿! were used, i.e.  

	  
𝑇 !!! = 𝑇 !!!! = 0	  
𝜑 !!! = 0, 𝜑 !!!! = 0.1	   (10)	  

Free surface boundary conditions for all other variables and other boundaries were used, 
e.g.  !"

!" !!!,!!
= 0. 

Equations (1) - (10) define a complete set of partial differential equations that are being 
investigated by numerical simulation. 
 

 SIMULATIONS OF PERPENDICULAR INTERFACE PLANES 

Different from the first set of simulations, simulations on the XZ plane has allowed us to 
model mass and energy transport across alternative layers.  This emphasizes the 
following aspects: 

1. It is able to deal simultaneously with different mechanisms and further can be 
used to determine if (and where) there is a rate limiting step. For example, 
competition between oxygen and metal ion transport can be quantified;  

2. Instead of only two layers, this simulation can model any arbitrary arrangement of 
the laminate structure.  Therefore the factor of specific interface area can be taken 
into account. 

3. In this configuration anisotropy is considered. More specifically, coordinates in 
the Z direction are discretized such that each grid point corresponds to one 
atomistic layer. This allows chemical reactions between atomistic layers to be 
treated differently from chemical reactions happening in the bulk. More Details 
are given in discussion of reaction (12) in the following. 

Step functions of mole density of different substances are used to represent laminate 
structures. For example, 𝑛!"(𝑥, 𝑧) describes how many moles of pure Aluminum per unit 
area is in the X-Z plane, i.e. the dimension of 𝑛!"  is mole/m2. Furthermore, many 
processes are incorporated in this simulation. In addition to the general conservation law 
of mass and energy, those processes can be categorized into three groups.  
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(i) Chemical Reaction: Take cupric thermite reaction with pure aluminum as an example. 
It includes three elementary reactions, considered in Eq. (11), and two phenomenological 
reactions, as given in Eq. (12). 

	  
𝐴𝑙 + 3 2𝑂 → 1 2𝐴𝑙!𝑂!	  

2𝐶𝑢𝑂   ⇌ 𝐶𝑢!𝑂 + 𝑂	  
𝐶𝑢!𝑂 ⇌ 2𝐶𝑢 + 𝑂	  

(11)	  

	   𝐴𝑙 + 3𝐶𝑢𝑂 → 1 2𝐴𝑙!𝑂! + 3 2𝐶𝑢!𝑂	  
𝐴𝑙 + 3 2𝐶𝑢!𝑂 → 1 2𝐴𝑙!𝑂! + 3𝐶𝑢	  

(12)	  

where the two direction harpoon symbol denotes reversible reactions while single 
direction refers to non-reversible reactions. Eq. (12) is not simply the linear combination 
of Eq. (11). This is because we assume that reaction (12) only happens between two 
atomistic layers through surface reconstruction other than ion transport as Eq. (11).  
(ii) Ion transport: In this model all aluminum, copper and oxygen ions are considered as 
mobile. Flick’s law is used to describe ion transport phenomenon with diffusivities taken 
from the Kakusan database [5]. 

(iii) Heat transfer and phase transformation: The same as in the other configuration, 
melting of all substances is considered. In contrast, however, anisotropic heat transfer is 
treated along the X and Z directions. This is because discretization along the Z direction 
is at the atom scale. Continuous thermal transport laws, such as Fourier’s law, are no 
longer applicable. Instead we assume that energy flow across the atomistic layers follows 
the thermal conductance law as described in Eq. (1) and the thermal conductance is 
dependent on local composition of substances and temperature. Values are estimated 
from the online interfacial thermal conductance database (ITC) [6]. 

Each process corresponds to a phenomenological equation. However in general only two 
partial differential equations are solved in addition to the differential equations involving 
chemical reactions. The first one involves mass diffusion and balance 

	  
𝜕𝑛!
𝜕𝑡 = ∇ ⋅ 𝐷!∇𝑛! + 𝑛!,!!

!

	   (13)	  

where 𝛼 = 𝐴𝑙,𝐶𝑢,𝐶𝑢!𝑂,… refers to different substances and 𝑛!,!! refers to the change in 
the number of atoms of substance 𝛼 due to reaction 𝑅!. Similar to the mass transport 
equation, the energy equations is  

	   𝑛!𝐶!,!
𝜕𝑇
𝜕𝑡 = ∇ ⋅ 𝜅!∇𝑇 + 𝑄!! 	   (14)	  

where 𝐶!,!  is the standard specific heat (per unit mole) and 𝑄!!  is the heat 
released/consumed during chemical reaction 𝑅!.  
Chemical reactions can be described by ordinary differential equations whose forms are 
dependent on the order of the chemical reactions. Take the first reaction in Eq. (11) as an 
example; its governing equation is 
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𝑛!",!(11) = 𝑘!(11) 𝑂   
𝑄!",!(11) = 𝑛!",!(11)×Δ𝐺!(11)	  

(15)	  

where [𝑂] is the atom fraction of oxygen ion and Δ𝐺!!is the standard free energy change.  

Plotted in the Figure 20 are calculated temperature profiles from simulations of the first 
configuration discussed above. The two levels in panel (a) correspond to Al (top level) 
and  copper oxide layers. At 0.001s after the voltage is applied the platinum leads heat 
quicker than both laminate layers, while the aluminum layer heats quicker than the 
copper oxide due to the higher resistivity of the latter. At time 0.025 s (panel (b)) both 
laminate structures have the same temperature due to heat transfer that approaches the 
metal leads. Plotted in panel (c) are the temperature profiles at 0.027 s, which is after 
initiation of the thermite reaction. At this applied voltage initiation of the thermite 
reaction occurs near the region where the thermite and lead meet. This results in extreme 
transient temperatures as apparent in panel (c).  

	  

	   	   	  
(a)	   (b)	   (c)	  

Figure 20:  Temperature  prof i les  that  demonstrates  the di f ferent  s tages  during joule  heat ing abd thermite  react ion.  (a)  
t=0.001s.  (b)  t=0.025s.  (c )  t=0.027s.  The small  t ime and large temperature  di f ference between panels  (b)  and (c )  

compared to  those between panels  (a)  and (b)  is  consistent  with  the delay  t ime and rapid react ion observed 
experimental ly  

	  
Plotted in Figure 21 below is the time before the rapid rise (thermite initiation) in the 
simulation as a function of the pre-factor in the reaction Arrhenius rate for constant 
activation energy of 150kJ/mole and an applied voltage of 0.1 eV.  Smaller prefactors 
require longer times and hence more Joule before the self-sustaining reaction is initiated. 
From an analysis of this numerical data it appears the dependence of the time to initiation 
on the prefactor is a power law. Further theoretical analysis of this relationship is 
underway.  

25



	  
Figure 21:  T ime before  ini t iat ion vs .  pre-exponential  component  with  𝑬𝒂=150kJ/mol  and appl ied potential  𝑽𝟏=0.1 V. .  

	  
In traditional thermite modeling kinetic parameters such as activation energy and pre-
exponent factor of the rate determining step is determined by comparing calculated 
reaction propagation speed to experiment values [7,8]. In our simulation, we found that 
reaction propagation speed is relatively independent of the pre exponent factor, but 
strongly correlated to activation energy as shown in Figures 22 and 23. This result is 
similar to the relationship of combustion wave speed and activation energy in metal 
powder combustion experiments [7,8].  
 

	  
Figure 22:  Dependence of  react ion propagation speed on pre-exponential  constant  of  Eq.  (6) .  
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Fig.  23:  Dependence of  react ion propagation speed on act ivat ion energy of  Eq.  (6) .  
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